This paper is divided into two parts. In the first part we analyze the consequences, for the LHC, of gauge and third family Yukawa coupling unification with a particular set of boundary conditions defined at the GUT scale. We perform a global χ 2 analysis including the observables
Introduction
Gauge coupling unification in supersymmetric grand unified theories (SUSY GUTs) [1] [2] [3] [4] [5] [6] provides an experimental hint for low energy SUSY. However, it does not significantly constrain the spectrum of supersymmetric particles. On the other hand, it has been observed that Yukawa coupling unification for the third generation of quarks and leptons in models, such as SO (10) or SU(4) c ×SU(2) L ×SU(2) R , can place significant constraints on the SUSY spectrum in order to fit the top, bottom and tau masses [7] [8] [9] [10] [11] . These constraints depend on the particular boundary conditions for sparticle masses chosen at the GUT scale (see for example, [9, 12, 13] , which consider different GUT scale boundary conditions). In light of the present success of the LHC with the possible observation of the Higgs boson with mass of order 125 GeV and significant lower bounds on gluino and squark masses, it is a perfect time to review the viability of the constraints on the sparticle spectrum resulting from gauge and third generation Yukawa coupling unification. 1 This is what we do in this paper. In part one of the paper, we perform a global χ 2 analysis assuming SO(10) boundary conditions for sparticle masses and non-universal Higgs masses, which we have called "just so Higgs splitting." We fit the observables, M W , M Z , G F , α −1 em , α s (M Z ), M t , m b (m b ), M τ , BR(B → X s γ), BR(B s → µ + µ − ) and M h in terms of 11 arbitrary parameters. These fits then place significant constraints on the gluino mass.
In the second part of the paper we study a complete three family model of quark and lepton Yukawa couplings at the GUT scale [16, 17] which is based on an SO(10) GUT with a D 3 × [U(1) × Z 2 × Z 3 ] family symmetry. This model was shown to give good fits to precision electroweak data, including quark, charged lepton and neutrino masses and mixing angles (see most recently the global χ 2 analysis in [18] ). In light of the observation of sin 2 θ 13 it is again a perfect time to re-analyze this model. We are also able to compare the third family Yukawa unification analysis with the three family analysis which now includes hierarchical Yukawa matrices with unification of the (3, 3) element of the Yukawa matrices. Hence, off-diagonal elements in the Yukawa matrices give small corrections to exact Yukawa unification.
The paper is organized as follows. In Section 2, we present the SO(10) model. In Section 3, we present the procedure used in the paper for analyzing the model. In Section 4, we consider a model with gauge coupling unification and only the Yukawa couplings for the third family, which are assumed to unify at the GUT scale. We perform a global χ 2 analysis fitting the relevant low energy observables. In Section 5, we extend the analysis to all three families of quarks and leptons using a particular SO(10) GUT model. In this case, we look for the minimum values of χ 2 for five different choices of the universal squark and slepton mass, m 16 , defined at the GUT scale, M G . Finally, the summary and conclusions are given in Section 6.
The Model

Third family model
Fermion masses and quark mixing angles are manifestly hierarchical. The simplest way to describe this hierarchy is with Yukawa matrices which are also hierarchical. Moreover the most natural way to obtain the hierarchy is in terms of effective higher dimension operators of the form W ⊃ λ 16 3 10 16 3 + 16 3 10 45
This version of SO(10) models has the nice features that it only requires small representations of SO (10) , has many predictions and can, in principle, find an UV completion in string theory. The only renormalizable term in W is λ 16 3 10 16 3 which gives Yukawa coupling unification
at M GU T . Note, one cannot predict the top mass due to large SUSY threshold corrections to the bottom and tau masses, as shown in [19] [20] [21] . These corrections are of the form
So instead we use Yukawa unification to predict the soft SUSY breaking masses. In order to fit the data, we need δm b /m b ∼ −2%.
We take µ, Mg > 0, thus we need µ, A t < 0. For a short list of references on this subject, see [7-11, 14, 22-24] .
Given the following GUT scale boundary conditions, namely universal squark and slepton masses, m 16 , universal cubic scalar parameter, A 0 , universal gaugino masses, M 1/2 , and non-universal Higgs masses [NUHM] ], we find that fitting the top, bottom and tau mass forces us into the region of SUSY breaking parameter space with
and, finally, tan β ≈ 50.
In addition, radiative electroweak symmetry breaking requires ∆ 2 m H ≈ 13%, with roughly half of this coming naturally from the renormalization group running of neutrino Yukawa couplings from
It is very interesting that the above region in SUSY parameter space results in an inverted scalar mass hierarchy at the weak scale with the third family scalars significantly lighter than the first two families [25] . This has the nice property of suppressing flavor changing neutral current and CP violating processes. These results depend solely on SO(10) Yukawa unification for the third family. In order to demonstrate this, we perform a separate analysis with only third family observables (Section 4) and then a complete three family analysis (Section 5). 2 
Full Three Family Model
We now consider a complete three family SO(10) model for fermion masses and mixing, including neutrinos [16] [17] [18] . The model also includes a D 3 × [U(1) × Z 2 × Z 3 ] family symmetry which is necessary to obtain a predictive theory of fermion masses by reducing the number of arbitrary parameters in the Yukawa matrices. Consider the superpotential generating the effective fermion Yukawa couplings:
where 45 is an SO(10) adjoint field which is assumed to obtain a VEV in the B -L direction, M χ is a linear combination of an SO(10) singlet and adjoint, and the index a = 1, 2. Its VEV M χ = M 0 (1 + αX + βY ) gives mass to Froggatt-Nielsen states [26] . Here, X and Y are elements of the Lie algebra of SO (10) with X in the direction of the U(1) which commutes with SU(5) and Y the standard weak hypercharge, and α , β are arbitrary constants which are fit to the data.M is an SO(10) invariant mass scale which in principle could be obtained by integrating out additional Froggatt-Nielsen states. Note that both M 0 andM are assumed to be above the GUT scale. φ a , φ a , A are SO(10) singlet "flavon" fields, A is a non-trivial one dimensional representation under D 3 , andχ a , χ a are a pair of Froggatt-Nielsen states transforming as a 16 and 16 under SO (10) . The so-called flavon fields are assumed to obtain VEVs of the form
After integrating out the Froggatt-Nielsen states one obtains the effective fermion mass operators in Fig. 1 . (a) Renormalizable mass term for third family that gives rise to the (3, 3) element of the Yukawa matrix. Here, a runs from 1 to 2.
Inserting the flavon VEVs, one then obtains Yukawa matrices for up-quarks, down-quarks, charged leptons and neutrinos given by
with ω = 2 σ/(2 σ − 1) and a Dirac neutrino mass matrix given by
From Eq. (9) and Eq. (11) one can see that the flavor hierarchies in the Yukawa couplings are encoded in terms of the four complex parameters ρ, σ,ε, ξ and the additional real ones ε, ε , λ. These matrices contain 7 real parameters and 4 arbitrary phases. Note, the superpotential (Eq. (7)) has many arbitrary parameters. However, at the end of the day the effective Yukawa matrices have much fewer parameters. This is good, because we then obtain a very predictive theory. Also, the quark mass matrices accommodate the Georgi-Jarlskog mechanism, such that m µ /m e ≈ 9m s /m d . This is a result of the 45 VEV in the B − L direction.
We then add 3 real Majorana mass parameters for the neutrino see-saw mechanism. The antineutrinos obtain GUT scale masses by mixing with three SO(10) singlets (N a for a = 1, 2 and N 3 ) transforming as a D 3 doublet and singlet, respectively. The full superpotential is given by W = W ch. fermions + W neutrino with
where the fields S a , S 3 are additional flavon fields whose VEVs provide Majorana masses for the states N a , N 3 . We assume 16 obtains a VEV, v 16 , in the right-handed neutrino direction, and S a = M a for a = 1, 2 and S 3 = M 3 . The effective neutrino mass terms are given by
Sector Third Family Analysis # Full three family Analysis #
Total # 11 24 with
all assumed to be real. Finally, upon integrating out the heavy Majorana neutrinos we obtain the 3 × 3 Majorana mass matrix for the light neutrinos in the lepton flavor basis given by
where the effective right-handed neutrino Majorana mass matrix is given by:
with
3 Procedure
Renormalization Group Equations
The model parameters, summarized in Tab. 1, are defined at the grand unification scale M G with the exception of tan β and µ that are defined at the electroweak scale. At the GUT scale,
, where 3 is the GUT scale threshold correction 3 necessary to fit the strong coupling to experimental data at the electroweak scale, M Z . These 3 gauge parameters, the 11 Yukawa textures (described in Section 2.2), 5 SUSY boundary conditions, and 3 real neutrino mass parameters allow us to completely define the model at the GUT scale and derive all the parameters of the minimal supersymmetric standard model (MSSM).
First, the GUT scale parameters are RGE evolved to the right-handed neutrino scale where the RH neutrinos are integrated out (see Fig. 2 on the following page). The right-handed neutrinos have three different scales associated with them, and the most relevant one is the third-family RHN that is mostly responsible for splitting the up and down type Higgs masses. We therefore choose to integrate out all the right-handed neutrinos at one single scale,
Below the scale of the RHNs, we use the 2-loop MSSM RGEs for both dimensionful and dimensionless parameters. Ideally, one should evolve all parameters to the scale of the heavy scalars (m 16 in this case, as shown in Fig. 2 ) and integrate them out and proceed to evolve to the weak scale using an effective theory without the first two generation scalars. We choose an alternative approach and use the 2-loop MSSM RGE 4 evolution down to the weak scale and correct for the additional running by including 1-loop threshold corrections to the relevant observables 5 . This approximation eliminates the need to define multiple effective theories. In our analysis, we have been careful to take into account the corresponding threshold corrections for all observables.
Electroweak Observables
At the weak scale, we calculate the SUSY spectrum and the SUSY threshold corrections to the fermion masses and CKM matrix elements. Especially in the large tan β regime, these SUSY threshold corrections are very important for the down type quarks and charged leptons and can be at the percent level in Yukawa-unified SUSY models [21] . We then use the threshold corrected fermion masses to determine the tree level masses for the squarks and sleptons. In addition, we also determine the one-loop pole mass for gluino and the CP-odd Higgs mass. The precision electroweak
are calculated including 1-loop threshold corrections, using the procedure described in [35, 36] . Following the prescription in [35] , the condition for consistent radiative electroweak symmetry breaking is also imposed at the weak scale, and for this, we use the physical Z pole mass. The parameter µ is fixed by this procedure via a separate χ 2 minimization, and in the process, we fit the Z mass precisely to the physical Z pole mass. In the calculation of M Z and M W , we only include the 1-loop corrections from the third family scalars, since the first two generation scalars are integrated out at m 16 . We assign a theoretical uncertainty of 0.5% to our calculation of the electroweak observables (except for M Z ) due to the approximate treatment of thresholds described above. We also assign a 1% theoretical uncertainty to our calculation of G µ , since we neglect the SUSY vertex and box diagrams. Finally, to compare to experiment, α em is evolved to zero momentum transfer.
Charged Fermion masses and mixing angles
Below M Z , we integrate out all SUSY partners and electroweak gauge bosons to obtain an effective SU(3) × U(1) em low energy theory. We use 1-loop QED and 3-loop QCD RGEs to renormalize to the appropriate scales and calculate the low energy observables. We fit the top quark pole mass, Model defined in terms of 24 real parameters:
GUT (24 parameters)
Right-handed neutrinos integrated out 
Flavor observables:
Experiment ( This schematic shows the steps that must be employed to evolve a GUT model to the low energies and calculate observables at the relevant scales to compare with experimental data. Note that we use threshold corrections instead of integrating out two family of scalars from the particle spectrum. 
0.679 ± 0.020 
is defined on p. 657 of Ref. [29] . The number(s) in brackets after some of the values indicate the 1σ uncertainty in the last digit(s). Capital letters denote pole masses. We take LHCb results into account, but use the average by Ref. [32] . All experimental errors are 1σ unless otherwise indicated. To account for the inconsistencies in the inclusive and exclusive measurements of |V ub | and |V cb |, we allow our result to be within the experimental error from both the inclusive and the exclusive measurement. To minimize theoretical uncertainties, we fit the ratio ∆mB s /∆mB d and derive its error by the usual formula for error propagation using the value ∆mB s = (117.0 ± 0.8) × 10 −10 MeV [29] and assuming no correlations between the errors. Finally, the Z mass is fit precisely via a separate χ 2 function solely imposing electroweak symmetry breaking.
and the bottom and charm quark MS masses are calculated at their respective masses. All the other light quark masses are calculated at the scale of 2 GeV. We fit 7 observables relevant to quark masses, 3 charged lepton masses, and 6 CKM observables. The theoretical uncertainty in their calculation is again estimated to be 0.5 %. Since the light quark masses are not measured to very high precision, we choose to fit multiple correlated observables. These include the MS strange quark mass, the mass ratio m d /m s and the mass ratio Q defined in the PDG [29] as
The CKM matrix is calculated from the left and right mixing matrices by diagonalizing the Yukawa matrices and including the SUSY threshold corrections. 6 CKM observables (|V us |, |V ub |, |V cb |, |V td |, |V ts | and sin 2β) are included in our global fit analysis. To account for the inconsistencies in the inclusive and exclusive measurements of |V ub | and |V cb |, we allow our result to be within the experimental error from both the inclusive and the exclusive measurement. The pole masses in the lepton sector are calculated with 1-loop electromagnetic threshold corrections.
To execute the steps elaborated so far, we use a code maton, originally developed by Radovan Dermíšek to study Yukawa unification in the SO(10) model with [17] . maton has been restructured and extended appropriately to adapt to the current analysis.
Higgs Mass
The recent observation of the Higgs boson at the LHC [30, 37] will allow us to highly constrain the parameter space of the model. Flavor constraints have already pushed the first two generation scalars of Yukawa-unified SUSY models 10 TeV [38] . In contrast, the third family scalars have mass about a few TeV, purely by the effects of RGE running. The hierarchy between the first two and the third generations alleviates the constraints from flavor physics and CP violating observables, and at the same time eases the large fine-tuning in models with heavy scalars. In addition to the TeV range scalars, the large A-terms make it easy to obtain a Higgs mass of about 125 GeV. We integrate out all the scalars (including the third generation squarks and sleptons) below the scale M SUSY , and calculate the Higgs boson mass using the dedicated code by the authors of Ref. [28] , that is best suited to our case where the sfermions are very heavy. Given the boundary conditions,
are the gaugino masses at the scale M SUSY ), the routine [28] determines the Higgs mass by calculating the corrections to the Higgs quartic coupling:
δ χ are the contributions from chargino and neutralino diagrams. The quartic coupling λ(M SUSY ) is given by:
We have to point out an important difference in our approach. The conventional method is to use the SM inputs of
, M τ to determine the gauge and the Yukawa couplings at the scales M SUSY and further constrain the GUT scale parameters. We instead like to predict these low energy observables and constrain the GUT scale parameter space based on a global χ 2 fit to the data. In our calculation of the Higgs mass, we take the gauge and Yukawa couplings as input at the scale M SUSY , obtained from RGE evolution using maton and calculate the Higgs mass using these inputs. The approach we adopt here is purely top-down. We have adapted the routine [28] to suit this line of analysis. Nevertheless, we have compared the spectrum we obtain from maton with that from softsusy 6 [39] and find good agreement.
Neutrino Sector
We are fitting 5 observables in the neutrino sector: the mixing angles θ 12 , θ 23 , θ 13 , and the masssquared differences ∆m 31 2) . The most dramatic change in the experimental determination of the neutrino parameters in recent years comes from the Daya Bay and Reno collaborations [40, 41] that have confirmed that θ 13 ∼ 9 • is indeed large. Moreover, there are tentative hints that θ 23 is not maximal [42, 43] . Whereas Ref. [42] sees a preference at ∼ 2σ − 3σ for the first octant, i.e. θ 23 < 45 • , Ref. [43] finds an equal probability for θ 23 being larger or smaller than 45 • . In the following, we will be using the best-fit values and the 3σ uncertainties quoted by the NuFIT collaboration [43] which are in agreement with Ref. [42] at 3σ.
Flavor Physics
The strongest constraints on the model come from B-physics. For calculating the flavor observables, we use two publicly available codes, namely susy flavor [44] and SuperIso [45, 46] . Since the boundary conditions that we impose at the GUT scale may generate large off-diagonal and in general complex entries at the low scale, susy flavor is better adapted to our needs. Note that susy flavor, in contrast to comparable programs that calculate similar processes, does not assume minimal flavor violation (MFV), and allows for general, full three family, complex soft parameters. This is particularly important in our case, since we are calculating several CP violating observables and need to take into account 7 the complex phases in the soft parameters. Hence, susy flavor is our default choice for all flavor observables with the following exceptions. For B → X s γ, we use SuperIso, since susy flavor does not include the NNLO SM corrections. We have verified that the discrepancy between susy flavor and SuperIso in the parameter space that is of interest to us is at most 10% and typically less than 7%. Also, we use SuperIso for the observables connected to the decay process B → K * µ + µ − , since susy flavor does not provide them. It is important to note that SuperIso has some built-in assumptions that prove to be too restrictive in our case. E.g. SuperIso assumes all soft parameters to be real, and only takes the diagonal entries of the third-family trilinear couplings into account. As a consequence, we have assigned larger theoretical uncertainties to the values calculated by SuperIso (see Tab. 2). Additional sources of uncertainties in the flavor observables derive from the theoretical determination of the B meson decay constant and from the experimental measurements of the CKM matrix elements.
LHCb has recently measured [34] the Br(B s → µ + µ − ) which is in good agreement with the SM prediction. This pushes the CP-odd Higgs mass to a few TeV and hence leads to the Higgs decoupling limit. Thus the light Higgs is predicted to be SM-like. The recent observation of zero-crossing in the forward-backward asymmetry of B → K * µ + µ − constrains the Wilson coefficient C 7 to be of the same sign as that in the SM. This imposes the additional constraint for the model that if µ > 0, in order to satisfy the branching fraction observed in the process B → X s γ the first two generation scalars have to be heavier than at least 10 TeV.
Global Fit
In the last step of our calculation, we construct a χ 2 function in terms of the 36 calculated observables (see Tab. 2).
y i and y data i are the theoretical prediction and experimental measurement, respectively, for each observable. σ i is the error on each observable, the theoretical and experimental errors added in quadrature. In the general case, we vary 23 parameters (see Tab. 1 and note that m 16 is fixed in all the analyses) in order to fit 36 observables, which amounts to 12 (or 13 counting the separate fit to the Z pole mass) degrees of freedom (d.o.f.). We will consider the χ 2 per d.o.f. for the model as a qualitative measure of the goodness of fit. We will look at the pulls from the individual observables to assess the goodness of fit of the model.
Finding the global minimum for a model with 23 parameters is a formidable task. In the present analysis, we minimize the χ 2 function using the Minuit package maintained by CERN [47] . Note that Minuit is not guaranteed to find the global minimum, but will in most cases converge on a local one. For that reason, we iterate O(100) times the minimization procedure for each set of input parameters, and in each step we take a different initial guess for the minimum (required by Minuit) so that we have a fair chance of finding the true minimum. This, of course, requires large computing resources, and to that end we have used the Ohio Supercomputer Center in Columbus and the "Centre de Calcul de l'Institut National de Physique Nucléaire et Physique des Particules" in Lyon.
Third family analysis
In this section we analyze the consequences of Yukawa unification for the the third family in the context of minimal SO(10) supersymmetric grand unification defined by the superpotential term, W ⊃ λ 16 3 10 16 3 . The aim of this analysis is to study the SUSY spectrum, and we argue that the constraints on the SUSY spectrum come predominantly from the third family, the lightest Higgs mass and the branching ratio BR(B s → µ + µ − ). There are 24 parameters in total in the DR model [16, 17] , and in this section we focus on 11 parameters (summarized in Tab. 1) that are used to evaluate 11 low energy observables,
, and the lightest Higgs mass, M h . We specify the model with the full 24 parameters, but we only vary 11 in the minimization procedure to fit the 11 observables listed above. The irrelevant parameters for this analysis, namely, the neutrino parameters and the off-diagonal Yukawa textures, are set to constant values and do not enter into the minimization procedure. 8 Similarly, the low energy observables connected to the first two families do not enter the χ 2 function. The effects of the off-diagonal Yukawa textures will be discussed in Section 5. Third family analysis w/M g ≥ 1000 GeV
(a) With increasing m16, χ 2 first dramatically decreases, and after reaching a minimum around m16 20 TeV, starts increasing again. (b) As we increase the lower bound on the gluino mass, we find that χ 2 dramatically increases for constant m16. Consider first the SUSY spectrum in our analysis. The first and second family squarks and sleptons have mass of order m 16 , while stops, sbottoms and staus are all significantly lighter. This is the inverted scalar mass hierarchy which is a direct result of RG running. Nevertheless, gluinos are always lighter than the third family squarks and sleptons, and the lightest charginos and neutralinos are even lighter. Note the statesχ ± and χ 0 2 are approximately degenerate. A detailed spectrum is given in Tab. 3. Recent results from CMS and ATLAS give lower bounds on the gluino mass. These bounds are given in terms of the CMSSM or simplified models. The simplified models which are most relevant for our analysis are those in which (a) the third family of squarks and sleptons are lighter than the first two, and (b) the gluino is lighter than the stops and sbottoms. In this case, the lower bound on the gluino mass is now of order 1 -1.2 TeV, assuming the branching ratio BR(g → ttχ 0 1 ) = 100% or BR(g → bbχ 0 1 ) = 100% [48, 49] . Although neither simplified model is appropriate for our model, we nevertheless impose a lower bound on the gluino pole mass in order to be roughly consistent with the latest LHC results.
In Fig. 3(a) we present the best χ 2 fits as a function of m 16 for two values of the lower bound that we impose on the gluino pole mass, i.e. 850 and 1000 GeV. We note that χ 2 is relatively insensitive to these lower bounds on the gluino mass, although lower values of Mg are slightly favored. The Fig. 3(a) . As the lower bound on the gluino mass is increased to 2 or 3 TeV, we find that χ 2 dramatically increases (see Fig. 3(b) ). Note, this is predominantly due to the constraint from the light Higgs mass (Fig. 4) . The simple explanation for this fact is that as the gluino mass increases the magnitude of A t at M SU SY also increases, due to the infra-red fixed point. This has the effect of decreasing the light Higgs mass because now X t > √ 6M SUSY which goes beyond maximal mixing. As a consequence, there appears to be an upper bound on the gluino mass of order 2 TeV, which makes gluinos inevitably observable at the LHC 14 TeV. However, as discussed earlier, the usual simplified models do not apply since gluinos decay with branching ratiosg → ttχ 0 (1,2) , bbχ 0 (1,2) , tbχ
(1,2,3,4) which are all significant.
In Fig. 5(a) we give the best χ 2 fits for the third family analysis as a function of the lower bound on the gluino mass and the value of m 16 . In Fig. 5(b) we give the contours of constant gluino masses (roughly horizontal lines) and stop masses (vertical lines) 9 . Note, for values of m 16 ≥ 20 TeV, the best fit gluino pole mass is always much larger than the lower bound imposed.
Full Three family analysis
In this section we present the global χ 2 analysis for three families including all 24 arbitrary parameters. The χ 2 function includes 36 observables. We present our results for fixed values of m 16 in Fig. 6 on the next page and in Tab. 5 to Tab. 9.
In Fig. 6 we give the best χ 2 fits for two different values of the lower bound on the gluino pole mass imposed in the analysis. (30 TeV) . This is a consequence of a purely bino-like LSP. In this case, a non-thermal process would be necessary to accommodate the observed dark matter abundance. Assuming the correct dark matter abundance, a bino LSP would not have been observed yet by direct detection methods, but should be observable by future detectors [52] . Let us now focus on the fit. Consider the observables with the largest pulls. Roughly half the contribution to χ 2 at this point comes from just two observables, namely m d /m s and sin 2β. Our value of m d /m s is larger than the experimental value, and this implies that our value of m u /m d ∼ 0.9 (see Eq. (19)). We have allowed |V ub | to range over values consistent with both exclusive and inclusive measurements. We find that our fit is more consistent with exclusive measurements. Moreover, our fit value of sin 2β is at the 3σ lower bound allowed by the experiments. Otherwise we are able to fit an amazing array of experimental observables. The light Higgs mass is fit to within the ± 3 GeV theoretical uncertainty we have assigned. As for the neutrino mixing angle θ 13 we obtain a value closer to 6 • , rather than the present experimental value of approximately 9 • . This may be a problem, however, it has been noticed recently that flavor violating corrections to the Kähler potential can have a significant effect on θ 13 without affecting the other larger mixing angles [53] . Our neutrino spectrum corresponds to the normal hierarchy. Note that the two large mixing angles are a consequence of a hierarchy in the right-handed neutrino masses.
In Tab. 3 we summarize the predictions for the SUSY spectrum given values of m 16 = 10, 15, 20, 25, 30 TeV, respectively. We give the spectrum of the lightest squark, slepton and gaugino masses, and the CP odd Higgs mass M A . The first and second generation squarks and sleptons all have mass of order m 16 . Note, in order to fit the branching ratio BR(B s → µ + µ − ) with large tan β, we have M A M Z . Thus we are in the decoupling limit where the light Higgs is predicted to couple to matter just like the Standard Model Higgs. Therefore, any deviation from this prediction would rule out our model. Finally, in Tab. 4 we present results for yet to be observed quantities such as m 16 Table 4 : Predictions from the full three family analysis. The dipole moments and branching ratios were calculated using susy flavor.
electric dipole moments of charged leptons, flavor violating processes such as BR(µ → e γ) and the CP violating angle in the lepton sector, sin δ. The value of sin δ is close to zero and is thus consistent with tentative emerging hints for δ π [42] . We also find that the BR(µ → e γ) may in fact be observable by the MEG experiment in a few years [54] .
Summary and Conclusions
We have performed a global χ 2 analysis of an SO(10) SUSY GUT times a
family symmetry. The model fits all fermion masses and mixing angles, as well as many flavor observables, quite well. The model has 24 arbitrary parameters which we use to fit 36 low energy observables. Five of these parameters include the soft SUSY breaking masses, a universal squark and slepton mass, m 16 ; a universal cubic scalar coupling, A 0 ; a universal gaugino mass, M 1/2 and split Higgs up and down masses, m Hu , m H d . The model has gauge coupling unification and top, bottom, τ , ν τ Yukawa unification at M GU T . We have analyzed the model for the third family alone and then for three families. We have shown that the SUSY spectrum is predominantly determined by fitting the third family and light Higgs masses and the branching ratio BR(B s → µ + µ − ). In Tab. 5 -Tab. 9 we give the best three family fits for five different values of the universal scalar mass m 16 . The best overall fit is found for m 16 ≈ 20 TeV. The SUSY spectrum for these best fit points are given in Tab. 3.
Our model makes several significant predictions.
(i) The first and second family of squarks and sleptons obtain mass of order m 16 , while the third family scalars are naturally much lighter. Then gluinos and the lightest chargino and neutralinos are always lighter than the third family squarks and sleptons.
(ii) Due to Yukawa unification of the third family at the GUT scale we have tan β ≈ 50. In order to fit the branching ratio BR(B s → µ + µ − ) we find the CP odd Higgs mass, m A M Z . Hence we are in the decoupling limit and the light Higgs is predicted to be Standard Model-like.
(iii) In order to fit the light Higgs mass, we find an upper bound on the gluino mass, Mg ∼ 2 TeV.
Thus gluinos should be observable at LHC14.
(iv) No simplified model studied to date describes the relevant gluino decay branching ratios (See scenarios studied in [55] ). Thus in order to constrain our theory we need both CMS and ATLAS to provide detailed bounds on the p p →gg production cross-section times branching ratios for the many different two and three body decay modes, i.e.g → ttχ 0 (1,2) ; bbχ 0 (1,2) ; tbχ (vi) We find the CP violating parameter in the lepton sector, sin δ ≈ 0, and the neutrinos obey a normal hierarchy.
(vii) Since the first two family sleptons have mass of order m 16 we are not able to fit the muon anomalous magnetic moment, (g − 2) µ .
(viii) Our LSP is predominantly bino and thus assuming a thermal calculation of the relic abundance, we find Ωχ0 There is one obvious issue with the model regarding fine-tuning. We have not performed a detailed analysis of fine-tuning, but a rough measure is given by ∆ = ( µ M Z ) 2 ∼ 150, corresponding to a fine-tuning of 1/∆. As this is true for most of the surviving parameter space of the MSSM, at the moment we do not regard this as a serious problem. The question of electroweak fine-tuning in Yukawa unified models was recently studied in [56] .
Let us now consider future directions. We will evaluate the gluino decay branching ratios in our model in order to compare to LHC data in a future work. In addition, we want to analyze other boundary conditions at the GUT scale consistent with gauge and Yukawa coupling unification. In particular, we will consider the "DR3" scheme [12] and also non-universal gaugino masses as discussed in [13] , and study them with the combined predictive power of family symmetries. On the computational front, we would like to explore other methods to tackle the problem of finding a global minimum in a multi-dimensional parameter space. 
A Benchmark Points
